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Abstract 
A novel piezoelelctric biosensor for the detection of Cholera Toxin (CT) has been developed, based on a lipid layer 
with GM1(Monosialoganglioside) and the subsequent binding of the specifically agglutinated network complex of 
GM1-incorporated liposomes in assay medium after the characteristic recognition of CT by the sensing interface. A 
lipid monolayer comprising a fixed DPPC: GM1 molar ratio was spontaneously formed on the gold surface by 
exposing it to an aqueous dispersion of GM1-incorporated phospholipid vesicles. The quartz crystal surfaces with 
GM1-containing supported lipid membranes can detect CT and probe the mass change on the sensing interface. The 
simple preparation of sensing interface with lipid monolayer makes the developed technique especially useful for 
rapid and renewable immunochemical determination. The frequency responses of the developed piezoelelctric 
biosensors are linearly correlated to CT concentration in the range of 0.25 – 1.0 ȝg mL-1 with a detection limit of 
95ng mL-1. This could be practically used for the detection of CT. 
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1.Introduction 
Increasing attention in the development of diagnostic testing has been paved in the fields of the 
application of alternative analytical devices for clinical diagnostics, environmental monitoring, on-site 
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food borne pathogen screening, and biodefense. Detection of bacterial toxins is of particular importance, 
because they represent a broad class of molecules that cause a variety of human diseases and can be used 
as a biological warfare agent. Cholera Toxin (CT), produced by Vibrio cholerae, is a common food 
contaminant that catalyzes the ADP-ribosylation of host cell proteins and turns the synthesis of the 
metabolic regulator molecules cyclic AMP (cAMP) or cyclic GMP (cGMP) on and off in intestinal 
mucosal cells. High levels of cAMP and cGMP cause loss of electrolytes and water that result in diarrhea, 
even death in several hours without appropriate treatment[9]. 
CT has become a very important target in biological detection, and there has been increasing interest in 
the development of rapid and sensitive methods for the determination of CT. The majority of these 
techniques are based on recognition between the GM1 ganglioside and CT. Rowe-Taitt et al[16]. have 
developed both direct and sandwich assays based on microarray technology and exploiting the binding of 
CT to the GM1 ganglioside. The direct assay uses a CT derivative which is fluorescently tagged, while 
the sandwich assay uses a fluorescently tagged antibody to provide a CT screen. Since the GM1 
ganglioside is lipophilic, another approach is to incorporate the CT recognition component within a 
liposome[4]. Pan and Charych have described the colorimetric detection of CT using poly(diacetylene) 
liposomes incorporating the GM1 ganglioside[14]. On addition of CT to the liposomes, the color changes 
from a blue/purple to orange due to changes in the conjugated ene-yne backbone. Liposomes 
functionalized with the GM1 ganglioside have been used to detect CT within a sandwich 
fluoroimmunoassay[2, 27, 32]; and as a means to amplify the signal in electrochemical sandwich 
immunosensors[1, 21]. Other sensor formats using the GM1 ganglioside include the following: flow 
cytometry[22], resonant mirror[15], and fluorescently tagged GM1 lipid bilayers[23]. Additionally, lipid 
microstructures have been constructed for the detection of CT using fluorescence-based microarrays[30] 
and for voltammetric analysis [5]. Antibodies also have been widely used for the detection of CT. 
Recently Goldman et al. immobilized antibodies onto CdSe-ZnS quantum dots giving a 
fluoroimmunoassay for CT [7]. Other detection formats incorporating antibodies include the following: 
antibody-based microarrays[6, 17, 25], surface plasmon resonance (SPR) [11], and SPR in combination 
with an ion selective field effect transistor device [31]. While, typically, the sensitivity of CT detection of 
these reported devices is excellent, the majority involve the fluorescent tagging of reagents and/or 
complex instrumentation that would require skilled operators. Additionally, the stability of the GM1 
ganglioside receptor presents a concern for field use as the sialic acid (Neu5Ac) glycosidic linkage is 
labile. With consideration of the typical location of cholera outbreaks, an ideal CT sensor would be a 
simple “litmus test” style device that is capable of direct “field” operation to enable rapid medical 
intervention. 
The piezoelectric quartz crystal (PQC) immunosensors as mass-sensitive devices have made important 
contributions to biomedical analysis of various targets including proteins[3, 8, 24] and small molecule 
[10]. Kurosawa et al. [13] initially developed a new agglutination-based piezoelectric immunoassay using 
antibody-bearing latex, termed as the latex piezoelectric immunoassay (LPEIA), for detecting C-reactive 
protein. This technique was based on the fact that the agglutination of antibody-bearing latex by 
immunoreaction in a solution induces a corresponding frequency change of the quartz crystal dipped into 
the solution. In contrast to the conventional piezoelectric assays, it possesses an advantage, in that the 
immobilization of antibody or antigen on a piezoelectric crystal is not necessary. The feasibilities and the 
improvements of this kind of simple and sensitive PQC-sensing method have been widely demonstrated 
and used for detecting clinically relevant targets [28, 29]. 
A novel piezoelectric biosensor for the detection of CT has been build up, based on a lipid layer with 
GM1 and the subsequent binding of the specifically agglutinated network complex of GM1-incorporated 
liposomes in assay medium after the characteristic recognition of CT by the sensing interface. The 
schematic diagram is shown in Fig.1. CT is a pentamer of five identical B unit and each B unit binds to 
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one GM1 molecule [19], the GM1-incorporated liposomes in assay medium can specifically agglutinate 
in the presence of the CT, which not only change the interfacial property of the electrode, including the 
density and the viscosity of the interfacial solution, but also enhance the mass change on the sensing 
interface by the subsequent binding of the specifically agglutinated network complex of GM1-
incorporated liposomes. Compared with traditional piezoelectric biosensor, the proposed technique 
introduces a simple approach to combine the contribution of both gravimetric and viscoelastic effects, 
thereby enabling more sensitive enhancement in protein determination.   
 
Fig. 1. Schematic diagram for piezoelectricagglutination detection of CT by GM1 incorporated liposomes 
2.Experimental  
2.1.Reagents and solutions 
1, 2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), Monosialoganglioside GM1 from bovine 
brain, Cholera toxin from Vibrio cholerae were purchased from Sigma Chemical Co. Bovine serum 
albumin (BSA) was obtained from Beijing Dingguo Biotechnology Company (Beijing, China). Phosphate 
buffer saline (PBS) solution (pH 7.4) was prepared by using 0.1 M Na2HPO4 and 0.1 M KH2PO4. CT 
solution of varying concentration were prepared in PBS (pH 7.4) and stored at 4ć. The ‘piranha’ solution 
was a mixture of 98% H2SO4 and 30% H2O2 in a volume ratio of 7:3. Doubly distilled water was used 
throughout the experiments. All other chemicals used were of analytical grade. 
2.2.Apparatus 
The PQC (AT-cut, 9MHz, gold electrodes) was obtained from Chen Xing Radio Equipments (Beijing, 
China). To keep a steady oscillation in the solution, the PQC was sealed on one side with an O-ring of 
silicone rubber covered by a plastic plate that formed an air chamber isolated from aqueous solution. The 
detection was performed by setting the piezoelectric sensor in a laboratory-made reaction cell. The 
resonance frequency was monitored with a quartz crystal analyzer (QCA922, Seiko EG&G Co. Ltd., 
Japan) and recorded by a computer in Windows XP professional operating system. The experimental 
temperature was controlled with a thermostat (model CSS501, Chongqing Experimental Equipments, 
China). 
2.3.Preparation of the GM1-functionalized liposomes 
Unilamellar liposomes were prepared as described elsewhere[4]. Stock solutions of lipids, gangliosides 
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were prepared in 6:1 chloroform/methanol (v/v) mixture. The total lipids were mixed in the mole ratio of 
40:1 (DPPC/ GM1) in a 5-mL round-bottom flask. After the sonication of the mixture for 15 min, the 
organic solvent was removed by rotary evaporation under reduced pressure (0.09MPa), leaving a thin 
lipid film on the inside wall of the flask. To the dried lipids, 2 mL of PBS (pH 7.4), was added. The lipids 
were hydrated in a water bath at 50 ć and rotated vigorously to form multilamellar vesicles (MLVs). The 
MLV suspension was sonicated using a probe-type sonicator to reduce the average size of the liposomes. 
The resulting unilamellar liposomes were centrifuged at 3000 rpm for 20 min to remove residual 
multilamellar vesicles and aggregated lipids. The liposome solution was stored at 4 ć until further use. 
2.4.Measurement procedure 
The gold electrode of a piezoelectric sensor was treated withĀpiranhaāsolution, then washed 
thoroughly with doubly distilled water and subsequently dried at room temperature. 200 μL of GM1-
incorporated liposomes was injected to the pretreated PQC probe. after the stabilization of resonance 
frequency (shift less than 1Hz miní1), 2 ȝL of CT analyte of different concentrations was injected into 
this reaction cell where abundant GM1-incorporated liposomes were dispersed. As the frequency change 
became negligible (shift < 1Hz miní1), the frequency changes of the crystal were recorded as the 
agglutination proceeded until equilibrium was reached. The investigation of the optimization of assay 
medium and the control tests were performed accordingly. All experiments were performed in triplicate 
measurements and the experimental temperature was controlled at 25 ć. 
3.Results and discussion 
3.1.Frequency responses of PQC probes 
The frequency change of the piezoelectric quartz crystal in the liquid phase is generally attributed to 
two factors. One is the change in the mass of substances adsorbed on the electrode, either physically or 
chemically, which can be described by the Sauerbrey equation[18].  
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The other is the interfacial property of the electrode including the density and the viscosity of the 
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Fig.2 shows the real-time frequency response curve of this sensor. The section from A to B depicts the 
lipid layer was spontaneously formed on the gold surface by exposing the gold surface to an aqueous 
dispersion of GM1-incorporated phospholipid vesicles. In the end of this section, the frequency was 
stabilized indicating that the gold surface was fully covered with GM1-tethered lipid. 2ȝL of CT solution 
was added to the probe cell subsequently. The section from B to C gives that the CT were captured 
immediately by the GM1-incorporated lipid layer and signal generation was based on the mass change of 
the electrode surface after the capture of CT by the GM1 on the surface. Because the CT B subunit had 
five specific binding sites for the ganglioside GM1, in the presence of CT, cross-linking of the GM1-
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incorporated liposomes occurred leading to network formation and ultimately change the density ȡ and 
the viscosity Ș of the solution (ȡ and Ș stand for the density and viscosity in the solution, respectively). 
Fig.3 (a) shows the frequency shift of a piezoelectric device induced only by the specific agglutination of 
GM1-incorporated liposome particles. In the presence of CT, the GM1-incorporated liposome particles 
could specifically agglutinate to change the density ȡ and the viscosity Ș of the solution. Fig.3 (b) 
describes the novel piezoelectric biosensor for the detection of CT based on a supported lipid layer with 
GM1 and the subsequent binding of the specifically agglutinated network complex of GM1-incorporated 
liposomes in assay medium after the characteristic recognition of CT by the sensing interface. The final 
frequency change was much obvious than that of the interfacial property change of the electrode 
independently induced by specific agglutination of the GM1-incorporated liposomes in assay medium. 
The signal was observably amplified in detecting CT based on further binding of the specifically 
agglutinated network complex of GM1-incorporated liposomes in assay medium after the characteristic 
recognition of CT by the sensing interface.  
It is expected that when a suitable concentration of GM1-incorporated liposomes is used, the specific 
agglutination of the lipid vesicles in the presence of targets would not only change the density ȡ and the 
viscosity Ș of the solution, but also amplify the mass change on the surface, which in turn induces the 
huge change of oscillation frequency of a PQC device. 
 
Fig. 2. Real time frequency response of the probe during the whole detection process. 
 
Fig. 3. Real time frequency response of the probes. (a) The gold surface was blocked by 50mg/mL BSA. The frequency shift 
induced only by the specific agglutination of GM1-incorporated liposome particles. (b) The frequency change induced by both the 
specifically agglutinated network complex of GM1-incorporated liposomes in assay medium and the lipid covered gold surface. 
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3.2.Influence of the assay medium on the frequence change 
3.2.1.Influence of molar fraction of GM1 in lipid membrane 
It was reported that the surface density of GM1 receptor in lipid membrane would influence the 
orientation of CT protein at the membrane[20; 26]. To enable the analyte protein accessible by the 
liposome, the concentration of GM1 should be optimized in the lipid membrane. Under controlled 
conditions in preparing the liposome, the concentration of GM1 in the lipid membrane was determined by 
the amount of GM1 in the lipid solution. Fig.4 depict the frequency response of the biosensor as a function 
of varying GM1 fraction in the lipid solution. It can be seen from Fig.4  that the maximal frequency 
response is obtained with the lipid solution with 20:1 in mass ratio for DPPC: GM1. 
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Fig. 4. Frequency responses to 5ȝg /mL CT of the developed piezoelectric sensor in the assay media with varying mass ratio of 
DPPC to GM1. 
3.2.2.Influence of the liposomes concentration in assay medium 
According to the studied aggregation kinetics of the specific agglutination of the nanoparticles in 
presence of cross-bridge targets, the stoichiometric ratio of GM1-incorporated liposomes to 
immunoreacting targets, CT, plays a dominating role in immunoagglutination. To get a suitably high 
concentration of GM1-incorporated liposomes for the analyte detection, we varied the concentration of 
GM1-incorporated liposomes at a fixed concentration of CT. As shown in Fig.5, the relationship between 
the frequency response (ǻ F) and the concentration of GM1-incorporated liposomes indicated that an 
optimum concentration of GM1-incorporated liposomes was observed at around 0.5 mg lipids per milliliter. 
Accordingly, a suitable amount of GM1-incorporated liposomes was recommended for the assay 
experiment. We found that a decreased formation of “lattice-like” immunocomplexs for a serious 
imbalance of the ratio between CT and GM1 at too high or low GM1-incorporated liposomes 
concentrations. The other possible explanation may be that the lower liposomes concentration might cause 
less changes of (ȡȘ)1/2 and the higher, however, great increased in ȡ and Ș of the solution that might result 
in an increased steric hindrance or inhibition of agglutination. 
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Fig. 5. Frequency responses to 5ȝg/mL CT of the developed piezoelectric sensor in the assay media with varying liposome 
concentrations, the mass ration of DPPC to GM1 was 20. 
3.2.3.Detection of CT 
Under the optimized experimental conditions, the frequency responses of the piezoelectric sensor to 
the CT of various concentrations were measured. The results (Fig.6) depict that the frequency shifts 
increases with CT concentration increased from 0.25 ȝg/mL to 5.0 ȝg/mL. With a detection limit of 95 
ng/mL, this was calculated in terms of the 3ı rule (three times standard deviation over the blank). A 
linear response range is obtained in the range from 0.25 ȝg/mL to 1 ȝg/mL with a good linear relationship 
(R2 = 0.9710). 
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Fig. 6. Calibration curve describing the relationship between the frequency responses and varying concentrations of CT under the 
optimized conditions, including their linear relationship (inset). 
3.2.4.Regeneration of the sensor 
Whether the regeneration could be realized simply in a mild circumstance is generally considered to be 
a key factor for a biosensor. After each detecting of CT, the deposited lipid layer could easily be removed 
from the gold surface by 1-2 min of washing with ethanol; a suspension of GM1- functionalized liposome 
is added to the probe cell to incubate for 30min before the GM1 incorporated lipid membrane fully 
covered the gold electrode. And then, the probe is ready for another detection cycle. The whole 
regeneration process takes less than 40min, shows us a very easy; rapid; regeneratible biosensor. 
4.Conclusions 
The present study proposed a novel strategy for the development of piezoelectric biosensor for CT 
based on surface agglutination of GM1-functionalized liposomes on lipid membrane incorporated with 
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GM1. The biosensor was prepared easily and reproducibly using the supported lipid membrane tethered 
with target-specific receptor GM1. A surface-agglutination assay method was developed for sensitive 
detection of CT using the piezoelectric biosensor. This method combined the viscoelastic and the 
gravimetric effects produced by the agglutinated network complex of liposomes and CT at the sensor 
surface, thereby creating an effective approach to signal amplication. The results demonstrated that the 
developed biosensor could allow sensitive, selective, rapid and reusable detection of CT. It was expected 
that the developed strategy might furnish an ideal protocol practically used for the detection of CT. 
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